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T

M
H

C
tetram

ers
are

reagents
used

for
direct

ex
vivoanalysis

ofthe
frequency

and
phe-

notypes
of

antigen-specific
T

cells
by

flow
cytom

etry.
T

he
tetram

er
staining

assay
is

purely
physical—

relying
only

upon
the

interaction
betw

een
the

tetram
er

reagent
and

T
cellreceptor

clusters
(and

possibly
co-receptors)

on
the

surface
of

T
cells—

and
re-

duces
to

an
absolute

m
inim

um
the
in

vitro
m

anipulation
ofthe

sam
ple

before
detection

of
the

antigen-specific
population.

T
he

assay
does

not
require

a
p

rio
ri

assum
ptions

of
the

class
of

functionalresponses
(

e.g.
cytokine

profiles),
and

is
therefore

likely
to

provide
the

m
ostcom

plete
m

ethod
fordetection

ofthe
m

agnitude
ofan

antigen-specific
response,w

hile
other

m
ethods

can
be

applied
to

exam
ine

functionalsubsets
w

ithin
the

totalantigen-specific
population.

T
he

m
ethod

is
extraordinarily

robust,
and

can
detect

antigen-specific
populations

atfrequencies
as

low
as

1:5,000
C

D
8+

T
cells

(or
approx-

im
ately

1:50,000
P

B
M

C
).

A
ll

of
these

factors
com

bined
suggest

that
M

H
C

tetram
er

staining
w

illplay
an

essentialrole
in

evaluation
of

T
cellim

m
une

responses
in

future
H

IV
vaccine

trials
and

in
patients

infected
w

ith
H

IV.

IN
T

R
O

D
U

C
T

IO
N

U
ntilrecently,m

ostquantitative
m

easurem
ents

ofC
D

8+
T

cellim
m

une
responses

w
ere

m
ade

w
ith

eitherbulk
in

vitro
stim

ulation
w

ith
antigen

follow
ed

by
a

chrom
ium

release
assay

to
m

easure
cell

killing
m

ediated
by

cytotoxic
T

lym
phocytes

(C
T

L),
or

by
adaptation

of
this

basic
procedure

to
determ

ine the
frequency

ofC
T

L
precursors

(C
T

Lp),
know

n
as

lim
iting

dilution
analysis

(LD
A

).
B

ecause
the

chrom
ium

release
assay

is
relatively

insensitive
and

can-
not

detect
m

any
few

er
than

2000
activated

antigen
specific

C
T

L
(M

cM
ichael

&
O

’C
allaghan,

1998),
both

assays
require

in
vitro

stim
ulation

of
cells

taken
directly

ex
vivo

to
expand

the
antigen-specific

population
and

to
induce

these
cells

to
differentiate

into
C

T
L

effectorcells.
T

he
specific

responses
detected

in
bulk

C
T

L
assays

provide
atbesta

sem
i-quantitative

description
ofthe

im
m

une
response

as
itactually

exists
in

vivo,w
hile

LD
A

is
now

know
n

to
underestim

ate
the

true
frequency

of
antigen-specific

T
cells

by
10–500

fold.
T

his
underes-

tim
ate

is
a

result
of

the
very

stringent
operationaldefinition

of
a

C
T

Lp
in

the
LD

A
;to

be
detected

in
the

assay,a
single

cellm
ustbe

induced
to

go
through

at
least11

rounds
ofcelldivision

and
the

progeny
m

ustdevelop
cytolytic

functions
(M

cM
ichael&

O
’C

allaghan,1998).

T
he

bulk
C

T
L

assay
and

LD
A

m
ay

therefore
be

fairly
said

to
reflect

in
vitro

generated
activities,

and
extrapolation

of
these

results
back

to
the

state
of

the
im

m
une

systemin
vivo

is
likely

to
be

im
precise

at
best.

T
here

w
as

therefore
a

strong
need

for
assays—

preferably
sim

ple
and

rapid—
w

hich
could

detectantigen-specific
T

cells
atthe

single-celllevel,directly
ex

vivo,w
ithout

the
need

forin
vitro

expansion.
T

he
M

H
C

tetram
er

assay
(A

ltm
an
e

t
a

l.,
1996)

(and
a

related
m

ethod
using

M
H

C
-Ig

chim
eras

(G
reten
e

t
a

l.,1998;
H

am
ade

t
a

l.,1998))
w

as
developed

in
response

to
this

need.
T

he
m

ethod
is

com
plem

ented
by

tw
o

recently
developed

functionalassays—
antigen-specific

intracellular
cytokine

staining
(M

urali-K
rishnaet

a
l.,1998)

and
the

cytokine
E

LIS
potassay

(Lalvanieta
l.,1997)

—
thatrequirein

vitro
stim

ulationbu
tn

o
t

exp
a

n
sio

nofan
antigen-specific

population
prior

to
m

easurem
ent.

E
arly

attem
pts

to
identify

antigen-specific
T

cells
by

flow
cytom

etry
fo-

cused
on

system
s

w
here

the
repertoire

of
the

T
cell

response
w

as
highly

re-
stricted.

T
hese

T
cells

could
by

identified
by

staining
w

ith
antibodies

against
specific

Vα
and

Vβ
T

cellreceptor
(T

C
R

)
dom

ains
found

in
the

responding
population,

in
conjunction

w
ith

m
arkers

associated
w

ith
antigen-experienced

cells
such

as
C

D
62L

and
C

D
44

(M
cH

eyzer-W
illiam

s
&

D
avis,1995).

W
e,and

others,(D
ohertye

ta
l.,1996),recognized

thatT
cellresponses

using
highly

re-
stricted

Vα
/V
β

repertoires
w

ere
likely

to
be

exceptional,and
thata

m
ore

general
approach

to
the

problem
w

as
called

for.
Instead

of
using

anti-V
region

anti-
bodies

as
a

surrogate
m

arker
for

antigen-specificity,
w

e
(M

ichaelM
cH

eyzer-
W

illiam
s,M

ark
D

avis,JD
A

)decided
to

try
to

stain
T

cells
directly

w
ith

the
anti-

gen
thatthey

recognize,nam
ely

M
H

C
/peptide

com
plexes

(M
cH

eyzer-W
illiam

s
etal.,1996).

T
hese

efforts
failed,and

itsoon
becam

e
apparentw

hy:
in

orderto
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m
aintain

self-tolerance,the
affinity

ofM
H

C
/peptide

for
the

T
C

R
w

as
too

low
to

use
as

an
im

m
unologicalstaining

reagent(M
atsui
e

ta
l.,1991;M

atsuie
ta

l.,
1994).

W
e

then
sought

m
ethods

to
add

an
avidity

com
ponent

to
the

reagents,
thereby

decreasing
the

effective
dissociation

rate
of

the
M

H
C

/peptide
based

stain.To
produce

an
M

H
C

/peptide
based

stain
w

ith
avidity

forT
cells,w

e
turned

to
streptavidin/biotin

chem
istry.

S
treptavidin

(and
the

related
avidin

m
olecule)

is
a

protein
com

posed
offouridenticalsubunits,each

w
ith

an
exceedingly

strong
affinity

for
biotin.

W
e

reasoned
that

if
w

e
could

biotinylate
an

M
H

C
/peptide

com
plex

and
m

ix
that

preparation
w

ith
streptavidin

at
a

4:1
m

olar
ratio,

w
e

w
ould

produce
a

tetram
eric

com
plex

thatm
ighthave

strong
avidity

forantigen-
specific

T
cells.

O
ur

firstattem
pts

to
use

M
H

C
/peptide

com
plexes

chem
ically

biotinylated
by

treatm
entw

ith
an

N
-hydroxy-succinam

ide
(N

H
S

)
derivative

of
biotin

failed
because

the
chem

ical
m

odification
w

as
essentially

random
and

the
biotin-M

H
C

/peptide
com

plexes
therefore

bound
to

streptavidin
in

random
orientations,som

e
ofw

hich
apparently

could
notinteractw

ith
the

T
C

R
on

the
surface

ofcells.

T
he

key
to

producing
a

reagent
that

effectively
stained

specific
T

cells
w

as
to

use
a

m
ethod

for
attaching

the
biotin

thatw
as

m
uch

m
ore

specific
than

chem
ical

biotinylation
w

ith
N

H
S

-biotin
and

that
targeted

the
biotin

residue
to

a
site

at
the

carboxy-term
inal

end
of

the
soluble

dom
ain

of
the

M
H

C
,

as
far

aw
ay

as
possible

from
the

T
C

R
interaction

site.
To

accom
plish

this,
w

e
prepared

M
H

C
m

olecules
thatw

ere
fused

to
a

15
am

ino
acid

peptide
thatis

a
substrate

forbiotinylation
by

an
enzym

e
found

in
E

.co
liknow

n
as

B
irA

(S
chatz,

1993);
w

e
refer

to
this

peptide
as

a
B

S
P,

for
B

irA
substrate

peptide
(A

ltm
an

et
al.,

1996).
F

ollow
ing

m
ethods

developed
by

G
arboczi

e
t

a
l.,

(G
arboczi

e
t

a
l.,

1992)
w

e
express

the
class

I
M

H
C

heavy
chain-B

S
P

fusion
and
β

2
m

icroglobulin
subunits

as
insoluble,m

isfolded
inclusion

bodies
in

E
.co

li,and
then

m
ix

them
together

under
folding

conditions
in

vitro
in

the
presence

of
a

specific
peptide

ligand
to

produce
M

H
C

/peptide
com

plexes.
T

hese
m

olecules
are

purified
by

size
exclusion

chrom
atography,enzym

atically
biotinylated

using
biotin,

M
gAT

P
and

the
M

H
C

-B
S

P
/peptide

com
plexes

as
substrates

for
the

B
irA

enzym
e

(available
from

A
vidity,D

enver
C

O
),and

purified
again

on
high

resolution
anion

exchange
colum

ns
(A

ltm
an
e

t
a

l.,
1996).

T
he

biotinylated
M

H
C

/peptide
com

plexes
are

then
m

ixed
w

ith
fluorescently

labeled
streptavidin

ata
4:1

m
olar

ratio
to

produce
M

H
C

tetram
ers,as

show
n

in
F

igure
1.

F
igure

1.C
artoon

ofa
class

IM
H

C
/peptide

tetram
er.

T
he

dom
ains

ofthe
M

H
C

subunit
are

labeled
in

the
figure,

the
peptide

epitope
is

show
n

in
filled

black
ovals,biotin

residues
are

show
n

in
gray

squares,the
B

irA
substrate

peptide
is

show
n

as
a

tailconnected
to

the
a3

dom
ain

ofthe
M

H
C

,and
the

lysine
residue

in
the

B
S

P
thatis

biotinylated
is

explicitly
labeled.

M
H

C
tetram

ers
provide

a
toolfor

m
easurem

entofa
scalar

quantity,the
frequency

ofan
antigen-specific

T
cellpopulation.

W
e

w
ere

initially
concerned

thattetram
erstaining

m
ightfailto

detecta
significantfraction

ofT
cells

during
both

acute
and

chronic
im

m
une

responses
due

to
dow

n
regulation

ofthe
T

C
R

in
response

to
stim

ulation
ofthe

T
cellw

ith
antigen

in
vivo

(Valituttie
ta

l.,1995),
orthatM

H
C

tetram
ers

m
ightfailto

stain
T

cells
w

ith
low

—
butstillfunctionally

relevant—
avidity

for
antigen.

Tw
o

argum
ents

can
be

advanced
to

allay
these
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fears.
F

irst,
there

are
no

exam
ples

w
here

the
frequency

of
antigen-specific

T
cells

determ
ined

by
functionalassays

exceeds
the

frequency
determ

ined
by

tetram
er

staining,
suggesting

thatM
H

C
tetram

ers
give

a
com

plete
accounting

ofthe
T

cellim
m

une
responses

forthe
appropriate

M
H

C
/peptide

com
bination.

S
econd,

the
sheer

m
agnitude

of
the

acute
im

m
une

response
that

is
detectable

by
tetram

er
staining

suggests
that

the
fraction

of
specific

cells
not

detected
w

ith
the

tetram
er

m
ust

be
very

low
.

Tw
o

exam
ples

suffice.
D

uring
the

acute
im

m
une

response
to

lym
phocytic

choriom
eningitis

virus
(LC

M
V

)
in

B
A

LB
/c

m
ice,

55%
of

allC
D

8+
splenocytes

are
stained

w
ith

the
L

d
/N

P
118

tetram
er

(M
urali-K

rishna
e

ta
l.,1998),w

hile
during

the
acute

prim
ary

hum
an

im
m

une
response

to
E

pstein
B

arr
V

irus,
up

to
44%

of
allcirculating

C
D

8+
P

B
L

w
ere

stained
w

ith
an

H
LA

-B
8

tetram
er

containing
a

peptide
from

the
E

B
V

lytic
phase

protein
B

Z
LF

1,
H

LA
-B

8/R
A

K
(C

allane
t

a
l.,1998),

and
alm

ost
allof

these
express

high
levels

ofC
D

38,suggesting
thatthey

are
highly

activated.

D
istinctsubsets

are
found

w
ithin

the
population

defined
by

tetram
erstain-

ing,w
hich

m
ightbe

described
by

aph
e

n
o

typ
ic

m
a

trix.
T

he
dim

ensionality
of

this
m

atrix
is

indeterm
inate

and
can

be
quite

large.
F

orexam
ple,one

dim
ension

can
be

assigned
for

the
expression

levelof
each

cellsurface
m

arker
of

inter-
est,such

as
C

D
62L,C

D
45R

A
,C

D
38,etc.

S
eparate

dim
ensions

m
ightalso

be
assigned

for
functionalactivities

w
ithin

the
totalpopulation.

E
xam

ples
m

ight
include

subsets
w

hich
score

as
C

T
Lp

in
LD

A
or

cells
w

hich
can

be
induced

to
secrete

cytokines
after

shorttermin
vitro

stim
ulation.

Ironically,itis
difficult

to
assess

the
distribution

of
the

m
ost

fam
iliar

functionalactivity
attributed

to
C

D
8+

T
cells,

nam
ely

their
cytolytic

function,
as

C
T

L
activity

is
com

m
only

m
easured

fora
population

ofcells
and

few
investigators

even
attem

ptto
m

easure
C

T
L

activity
atthe

single
celllevel.

In
order

to
obtain

a
m

ore
precise

quantitative
m

easurem
entofT

cellim
-

m
une

responses
w

ith
M

H
C

tetram
ers,

a
price

has
to

be
paid.

In
contrast

to
m

easurem
ents

w
ith

bulk
C

T
L

assays
or

LD
A

,
detection

of
T

cellim
m

une
re-

sponses
w

ith
tetram

ers
requires

precise
know

ledge
ofthe

optim
alT

cellepitope
and

its
restriction

elem
ent.

W
hen

w
orking

w
ith

outbred
populations

(
e.g.

rhe-
sus

m
acaques

or
hum

an
subjects),itis

therefore
necessary

to
obtain

m
edium

-
to-high

resolution
M

H
C

typing
inform

ation
before

suitable
reagents

can
be

selected
or

new
ly

prepared;
it

is
not

yet
clear

if
tetram

ers
prepared

w
ith

one
M

H
C

subtype
(e.g.

H
LA

-A
*0201)

w
illcross-react

w
ith

T
cells

generated
in

responses
to

individuals
w

ith
closely

related
subtypes

(
e.g.

other
H

LA
-A

2
subtypes).

In
addition,

in
vitro

folding
of

the
M

H
C

/peptide
com

plexes
is

not
tolerantofextensions

ortruncations
ofthe

optim
alpeptide

ligand.
T

he
tetram

er assay
is

therefore
not

suited
to

the
early

stages
of

investigation
of

the
breadth

of
a

T
cellim

m
une

response.
A

nd
although

it
is

theoretically
possible

to
use

M
H

C
tetram

ers
to

test
m

otif-based
predictions

of
C

T
L

epitopes,
the

E
LIS

pot
or

intracellular
cytokine

staining
assays

are
m

uch
better

suited
to

the
task

of
screening

large
num

bers
of

candidate
epitopes

for
recognition

by
T

cells.
F

i-
nally,

expression
plasm

ids
suitable

for
the

preparation
of

M
H

C
tetram

ers
are

available
foronly

a
lim

ited
num

berofhum
an

and
rhesus

m
acaque

class
IM

H
C

alleles
(constructs

for
allclassicalclass

Ialleles
in

m
ice

ofthe
H

-2b,d,and
k

haplotypes
are

available),although
the

constructs
are

easy
to

prepare
this

is
not

expected
to

be
a

serious
lim

itation
in

the
near

future.

A
ssum

ing
thatacquisition

ofreagents
is

nota
factor,

the
tetram

er
assay

is
the

m
ostrapid

and
directm

ethod
for

determ
ining

the
m

agnitude
ofa

T
cell

response.
In

contrastto
the

E
LIS

potassay,the
antigen-specific

cells
are

easily
counted

by
a

com
puter(although

sem
i-autom

ated
im

age
processing

ofE
LIS

pot
plates

m
ay

soon
be

available).
U

nlike
the

E
LIS

potassay,the
tetram

er
m

ethod
does

notrequire
accurate

counts
ofthe

num
ber

ofinputcells,or
separate

m
ea-

surem
ents

to
determ

ine
the

fraction
of

the
totalpopulation

that
is

represented
by

C
D

8+
T

cells.
T

hese
advantages

also
apply

to
the

intracellular
cytokine

staining,butthatm
ethod

is
significantly

m
ore

laborintensive
than

the
tetram

er
staining

m
ethod,

w
hich

m
ay

be
a

decisive
disadvantage

in
evaluation

oflarge
scale

vaccine
trials.

O
n

the
other

hand,
both

cytokine
assays

do
provide

im
-

portant
functional

data
that

is
not

available
w

hen
only

the
tetram

er
assay

is
em

ployed.

M
ost—

but
not

all
(M

cH
eyzer-W

illiam
se

t
a

l.,1996;
C

raw
forde

t
a

l.,
1998;

G
utgem

anne
t

a
l.,1998;

H
am

ade
t

a
l.,1998)—

of
the

w
ork

w
ith

m
ulti-

m
eric

M
H

C
m

olecules
has

focused
on

C
D

8+
T

cells
w

hich
recognize

peptides
bound

to
class

IM
H

C
m

olecules.
T

his
is

because
sim

ple
and

efficientprotocols
have

been
developed

for
producing

class
IM

H
C

/peptide
com

plexes
from

sub-
units

produced
in

E
.coli,and

the
basic

protocolcan
be

applied
to

nearly
every

classicalclass
IM

H
C

allele
w

ithoutm
odification.

In
contrast,although

several
expression

system
s

have
been

described
for

soluble
class

II
M

H
C

(W
ettstein

e
t

a
l.,1991;

S
tern

&
W

iley,
1992;

A
ltm

ane
t

a
l.,1993;

K
ozonoe

t
a

l.,1994;
K

alandadzee
t

a
l.,1998;

H
am

ade
t

a
l.,1998;

S
cotte

t
a

l.,1998),
expression

of
soluble

class
II

M
H

C
appears

to
vary

from
allele

to
allele,

and
to

increase
the

stability
ofthe

m
olecules,

m
ostinvestigators

expressing
class

IIM
H

C
are

now
follow

ing
the

lead
of

K
appler

and
colleagues

(K
ozono

e
t

a
l.,1994)

and
are

preparing
expression

constructs
w

ith
the

peptide
ligand

covalently
attached

to
the

β
chain

ofthe
class

IIm
olecule,lim

iting
the

generalapplicability
ofany
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individualexpression
construct.

In
the

rem
ainder

ofthis
review

,w
e

w
illfocus

on
features

ofM
H

C
tetram

er
analysis

and
results

thatare
m

ostrelevantto
the

study
ofim

m
une

responses
to

H
IV,and

to
the

developm
entofan

H
IV

vaccine.

M
A

G
N

IT
U

D
E

O
F

T
C

E
LL

IM
M

U
N

E
R

E
S

P
O

N
S

E
S

W
ith

rare
exception

(B
orrowe

ta
l.,1997),m

easured
frequencies

ofH
IV

-
specific

C
T

Lp
do

not
exceed

1:1000,
yet

data
existed

suggesting
that

the
true

frequency
ofH

IV
-specific

C
D

8+
T

cells
w

as
in

m
any

cases
significantly

greater
than

this
num

ber.
F

irst,there
is

the
frequentobservation

ofdirect
ex

vivoC
T

L
activity

in
P

B
M

C
from

a
high

percentage
ofH

IV
-infected

patients
suggesting

H
IV

-specific
C

T
L

atfrequencies
approaching

1:100
perC

D
8+

T
cell(G

otch
e

t
a

l.,1990).
T

his
w

as
confirm

ed
by

estim
ation

ofthe
frequency

ofan
H

IV
-specific

T
cellclone

in
P

B
M

C
using

m
olecular

m
ethods

to
estim

ate
the

frequency
of

T
C

R
transcripts

containing
a

C
D

R
3

sequence
from

a
w

ellcharacterized
C

T
L

clone
(M

osse
t

a
l.,1995).

It
w

as
these

data
w

hich
first

led
us

to
apply

the
tetram

er
technology

to
im

m
une

responses
against

H
IV

(A
ltm

an
e

t
a

l.,1996).
Tetram

erstaining
has

confirm
ed

thatin
chronically

infected,drug
na¨

ıve
patients,

the
frequency

ofH
IV

-specific
C

D
8+

T
cells

can
be

com
m

only
found

in
the

1–4%
range

(O
gge

ta
l.,1998;W

ilsone
ta

l.,1998;O
gge

ta
l.,1999).

O
gg

e
ta

l.,have
reported

thatthere
is

a
positive

correlation
betw

een
the

frequency
oftetram

er
staining

cells
and

direct
ex

vivolytic
activity

(O
gg

e
ta

l.,
1998),suggesting

thatthe
tetram

ers
provide

an
accurate

countofthe
frequency

ofcirculating
effectorC

T
L

(C
T

Le).
H

ow
ever,ourdata

from
studies

ofC
D

8+
T

cellresponses
in

m
ice

suggests
thatthis

resultshould
be

interpreted
w

ith
caution.

F
irst,w

e
and

others
have

found
thatitis

in
generalnotpossible

to
detectIF

N
γ

production
by

antigen-specific
T

cells—
even

w
hen

they
are

sam
pled

atthe
peak

ofan
acute

im
m

une
response—

w
ithoutstim

ulating
the

cells
in

vitro
w

ith
peptide

(F
lynn

e
ta

l.,1998;M
urali-K

rishnae
ta

l.,1998)orP
M

A
/ionom

ycin
(G

allim
ore

e
ta

l.,1998)T
his

resultm
ightitselfbe

anin
vitro

artifact,butata
very

m
inim

um
,

itdoes
suggestthatatleastone

effector
phenotype—

cytokine
secretion—

m
ay

be
rapidly

reversed
w

ithout
celldeath.

S
econd,

w
e

have
found

that
infection

ofLC
M

V
-im

m
une

m
ice

w
ith

w
ild

type
vaccinia

did
notalter

the
totalnum

ber
of

LC
M

V
-specific

C
D

8+
splenocytes—

and
in

fact
decreased

their
frequency

due
to

expansion
ofvaccinia-specific

cells—
butdid

increase
the

direct
ex

vivo
C

T
L

activity
against

targets
presenting

LC
M

V
antigens.

T
his

suggests
that

there
is

a
significant

population
of

LC
M

V
-specific

cells
that

are
not

effectors
before

infection
w

ith
the

heterologous
vaccinia,

and
that

are
then

“activated”
in

a
bystander

fashion
to

becom
e

effectors.
F

inally,
w

e
have

recently
found thatchronic

infection
ofC

D
4-deficientm

ice
w

ith
LC

M
V

can
lead

to
induction

of
unresponsiveness

in
a

sizable
population

of
LC

M
V

-specific
C

D
8+

T
cells

identified
by

tetram
er

staining
(Z

ajaceta
l.,1998),a

resultthathas
significant

im
plications

for
the

character
of

the
C

D
8+

T
cell

response
during

chronic
infection

w
ith

H
IV

(K
alam

s
&

W
alker,

1998).
D

evelopm
ent

of
an

assay
to

detect
cytolytic

function
at

the
single-celllevelw

ould
greatly

contribute
to

a
resolution

ofthis
controversy.

A
m

ore
im

portant
result

from
the

paper
by

O
gget

a
l.,

w
as

the
obser-

vation
of

a
highly

significant
inverse

correlation
betw

een
the

frequency
of

H
LA

-A
2/gag

or
A

2/gag
+

A
2/pol

tetram
er

positive
cells

in
fresh

peripheral
blood

and
the

viralload
(O

gget
a

l.,1998).
T

hese
data

strongly
suggest

that
H

IV
-specific

C
D

8+
T

cells
play

an
im

portantrole
in

the
controlofH

IV
infec-

tion,although
itrem

ains
difficultto

determ
ine

w
hich

effector
functions

ofthe
specific

C
D

8+
population

are
m

ost
responsible.

G
iven

the
im

portance
of

this
result,itis

essentialthatitbe
confirm

ed
in

patients
m

aking
im

m
une

responses
thatare

restricted
by

H
LA

alleles
other

than
H

LA
-A

*0201.
O

ne
factor

w
hich

m
ay

com
plicate

this
experim

ent
is

the
possibility

that
the

responses
that

are
detected

by
tetram

er
staining

m
ay

not
alw

ays
be

the
dom

inant
ones

in
every

individualsharing
thatH

LA
allele.

T
his

points
to

one
ofthe

lim
itations

ofthe
tetram

ertechnique—
tetram

erstaining
provides

precise
m

easurem
ents

ofa
very

specific
response,w

hile
revealing

nothing
aboutresponses

thatare
specific

for
additionalepitopes

in
the

sam
e

virus.

Tetram
eranalyses

ofacute
im

m
une

responses
to

H
IV

in
infected

hum
ans

have
not

been
published,

but
existing

data
suggest

that
the

acute
im

m
une

re-
sponse

against
H

IV
m

ay
be

sim
ilar

in
m

agnitude
to

the
acute

response
seen

againstothersystem
ic

infections
such

as
LC

M
V

in
the

m
ouse

(M
urali-K

rishna
e

ta
l.,1998)and

E
B

V
in

hum
ans

(C
allaneta

l.,1998).
F

irst,there
are

often
large

expansions
ofC

D
8+

T
cells

w
ith

a
restricted

V
β

repertoire
seen

during
the

acute
phase

ofH
IV

infection
(P

antaleoeta
l.,1994),sim

ilarto
the

restricted
Vβexpan-

sions
seen

follow
ing

acute
E

B
V

infection
(C

allan
e

ta
l.,1996).

S
econd,B

orrow
and

colleagues
used

lim
iting

dilution
analysis

to
m

easure
a

m
onospecific

acute
im

m
une

response
againstH

IV
ata

frequency
of1:15

P
B

M
C

.

O
btaining

a
detailed

analysis
of

the
kinetics

of
the

acute
H

IV
-specific

C
D

8+
T

cellresponse
in

hum
ans

is
difficult

because
of

the
uncertainty

in
de-

term
ining

the
tim

e
ofinfection.

A
nalysis

ofthe
C

D
8+

T
cellim

m
une

response
follow

ing
infection

of
rhesus

m
acaques

w
ith

S
IV

or
chim

eric
S

H
IV

w
illun-

doubtedly
be

a
usefulm

odelforstudying
acute

responses
to

im
m

unodeficiency
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viruses
(R

eim
anneta

l.,1994).
M

H
C

tetram
ertechnology

has
been

used
to

m
ea-

sure
the

m
agnitude

ofthe
C

D
8+

T
cellresponse

to
the

M
am

u-A
*01-restricted

response
to

the
S

IV
gag-p11C

(C
-M

)
epitope

(E
vans

e
t

a
l.,1997)

in
A

*01+
m

acaques
chronically

infected
w

ith
S

IV
m

ac
251

(K
uroda

e
ta

l.,1998).
In

three
chronically

infected
anim

als,
the

frequency
of

cells
staining

w
ith

the
M

am
u-

A
*01/p11C

(C
-M

)
tetram

er
ranged

from
0.9–10.3%

offresh
C

D
3+

C
D

8
α
β

+
T

cells
in

P
B

M
C

,
even

w
hile

the
frequency

of
C

T
Lp

w
ith

the
sam

e
specificity

m
easured

by
LD

A
never

exceeded
1:4000

P
B

M
C

(K
uroda

e
t

a
l.,1998).

E
ven

m
ore

exciting
w

ere
the

results
in

anim
als

vaccinated
w

ith
a

recom
binantm

od-
ified

vaccinia
A

nkara
(M

VA
)

expressing
the

S
IV

gag
and

polgenes
(S

eth
etal,

1998).
A

llM
am

u-A
*01+

anim
als

(n=
4)had

M
am

u-A
*01/p11C

(C
-M

)tetram
er

binding
T

cells
10

days
after

a
second

vaccination
w

ith
the

recom
binantM

VA
,

w
ith

frequencies
ranging

from
0.6–4.9%

ofallC
D

8
antibody

positive
T

cells
in

P
B

M
C

(S
ethe

ta
l.,1998).

T
his

resultsuggests
thatM

H
C

tetram
ers

w
illbe

an
extrem

ely
valuable

toolfor
m

easuring
vaccine

induced
responses,

even
w

hen
the

recom
binantvaccine

is
a

replication-defective
virus

(C
arroll&

M
oss,1997;

S
ethe

ta
l.,1998).

T
he

kinetics
of

the
C

D
8+

T
cellim

m
une

response
in

rhesus
m

acaques
to

S
IV

is
expected

to
vary

w
ith

the
strain

of
virus

used
and

w
ith

the
route

of
infection.

W
e

have
begun

to
use

M
am

u-A
*01/p11C

(C
-M

)
tetram

ers
to

m
ea-

sure
im

m
une

responses
in

anim
als

infected
intravenously

w
ith

S
IV

m
ac

∆
3

(D
esrosiers

1992),
S

H
IV

89.6
(R

eim
annet

a
l.,1996b),

S
H

IV
89.6P

(R
eim

ann
e

t
a

l.,1996a),
as

w
ell

as
anim

als
infected

intrarectally
w

ith
S

IV
m

ac
239

or
S

IV
m

ac
251

(A
ltm

ane
ta

l.,unpublished).
P

relim
inary

results
suggestthat,as

expected
(R

eim
anneta

l.,1994),the
peak

ofthe
acute

im
m

une
response

follow
-

ing
intravenous

infection
occurs

2–3
w

eeks
post

infection,
and

that
responses

against
the

m
ost

attenuated
strains

(
e.g.

S
IV

m
ac∆

3)
tend

to
be

the
w

eakest,
w

ith
M

am
u-A

*01/p11C
(C

-M
)tetram

erbinding
cells

peaking
atlevels

betw
een

0.6–1%
ofC

D
3+

C
D

8+
T

cells.

E
xtensions

ofthese
initialstudies

in
the

rhesus
m

acaque
m

odelare
cur-

rently
lim

ited
by

the
sm

allnum
ber

ofw
ellcharacterized

H
IV

or
S

IV
epitopes

and
theirrestricting

M
H

C
alleles

in
rhesus

m
acaques

(C
harini&

Letvin,1997).
T

he
M

H
C

-related
problem

s
are

being
addressed

by
the

developm
entpow

erful
m

olecular
typing

m
ethods

(D
.

W
atkins,

personalcom
m

unication)
and

the
es-

tablishm
entofbreeding

colonies
ofM

H
C

-defined
anim

als.
A

tthe
sam

e
tim

e,
m

ore
epitopes

w
illbe

characterized
using

M
H

C
-peptide

binding
m

otif
based

approaches
(A

llene
t

a
l.,1998a)

and
classical

eptiope
m

apping
approaches

starting
w

ith
recom

binant
vaccinia

viruses,
as

w
ellas

the
application

of
new

m
ethods

for
detection

of
C

D
8+

T
cellresponses

in
fresh

P
B

M
C

sam
ples

by
stim

ulation
of

cytokine
production

by
libraries

of
overlapping

peptides
(K

ern
e

ta
l.,1998).

LO
N

G
IT

U
D

IN
A

L
A

N
A

LY
S

E
S

A
n

extensive
natural

history
study

of
the

frequency
and

phenotype
of

M
H

C
tetram

er-positive
T

cells
follow

ing
infection

w
ith

H
IV

orS
IV

has
notyet

appeared.
G

iven
the

currentstandard
ofcare,such

studies
w

illalm
ostcertainly

be
done

retrospectively,using
frozen

sam
ples

from
an

established
cohortsuch

as
the

M
ulticenter

A
ID

S
C

ohortS
tudy

(M
A

C
S

).S
everallabs

have
show

n
that

tetram
er

staining
w

orks
w

ellon
frozen

cells
(O

gg
e

ta
l.,1998),suggesting

that
the

results
ofsuch

studies
m

ay
be

regarded
w

ith
confidence.

T
he

m
ostinteresting

longitudinalanalyses
thathave

appeared
so

farhave
exam

ined
the

frequencies
and

phenotypes
of

H
IV

-specific,
tetram

er-positive
cells

follow
ing

viral
load

reduction
w

ith
highly

active
antiretroviral

therapy
(H

A
A

R
T

)
(O

gg
e

ta
l.,1998;O

gge
ta

l.,1999),com
plem

enting
previous

w
ork

exam
ining

virologicaland
im

m
unologicalresponses

to
perturbation

of
an

es-
tablished

steady
state

(H
oet

a
l.,1995;

W
eie

t
a

l.,1995).
V

iralloads
for

all
patients

in
this

cohort
w

ere
suppressed

below
the

lim
its

of
detection

through-
out

the
course

of
the

study.
Im

m
ediately

follow
ing

initiation
of

H
A

A
R

T,
the

frequency
oftetram

erbinding
C

D
8+

cells
fluctuates

rapidly,probably
due

to
re-

distribution
ofantigen-specific

C
D

8+
T

cells
from

secondary
lym

phoid
organs

to
the

peripheralblood
(O

ggeta
l.,1999),rem

iniscentofpreviously
observed

fluctuations
in

totalC
D

8+
T

cells
observed

follow
ing

initiation
ofH

A
A

R
T

in
som

e
patients

(A
utranet

a
l.,1997).

A
fter

this
initialphase,

there
is

a
lengthy

phase
in

w
hich

the
frequency

of
tetram

er-binding
cells

decays
exponentially,

w
ith

a
m

edian
half

life
of

45
days

(O
gget

a
l.,1999).

In
one

patient,
the

frequency
of

tetram
er

positive
cells

declined
from

2.75%
of

C
D

8+
T

cells
at

the
start

of
therapy

to
0.47%

18
m

onths
later.

T
he

decay
in

the
frequency

of
tetram

erbinding
cells

is
m

uch
m

ore
gradualthan

the
decay

seen
afterresolution

ofacute
infection

w
ith

LC
M

V
in

a
m

ouse
m

odel(M
urali-K

rishna
e

ta
l.,1998),

w
here

the
virus

is
cleared

by
8

days
post-infection,

and
the

total
num

ber
of

antigen-specific
cells

reaches
a

steady
levelby

day
30

that
is

m
aintained

for
at

least
one

year.
T

he
difference

m
ay

reflect
different

lifespans
of

m
em

ory
T

cells
in

the
tw

o
species,

or
it

is
possible

that
the

decay
of

H
IV

-specific
cells

aftersuppression
ofviralloads

to
undetectable

levels
is

balanced
by

stim
ulation

ofthe
antigen-specific

population
by

an
unidentified

reservoir
ofH

IV
-infected

cells.
Itw

illbe
interesting

to
one

day
com

pare
the

rate
ofdecay

ofH
IV

-specific
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C
D

8+
T

cells
afterinitiation

ofH
A

A
R

T
w

ith
the

decline
ofan

antigen-specific
population

afterresolution
ofan

acute
infection

by
a

virus
thatdoes

notpersist.

P
H

E
N

O
T

Y
P

IC
A

N
A

LY
S

IS

W
hile

M
H

C
tetram

er
analysis

is
purely

a
physicalassay,analysis

ofthe
phenotypes

ofthe
tetram

er
binding

cells
m

ay
suggestsom

ething
oftheir

func-
tion

in
vivo

(A
ltm

an
e

t
a

l.,1996).
A

large
num

ber
of

antibodies
against

cell
surface

m
arkers

have
been

used
to

further
analyze

the
phenotype

of
antigen-

specific
cells.

A
lm

ostby
definition,ifa

population
ofC

D
8+

T
cells

is
detected

by
tetram

er
staining,

that
population

m
ust

be
“antigen-experienced”

because
the

frequency
ofantigen-specific

cells
in

na¨
ıve

subjects
is

too
low

to
be

detected
by

tetram
erstaining

(O
ggeta

l.,1998;S
ethe

ta
l.,1998).

A
lm

ostinvariably,the
tetram

erpositive
cells

express
high

levels
ofthe

celladhesion
m

olecule
C

D
11a.

In
our

hands,
tetram

er
positive

cells
alm

ost
alw

ays
express

low
levels

of
the

lym
ph

node
hom

ing
receptor

C
D

62L,although
a

substantialfraction
ofE

B
V

-
specific

C
D

8+
T

cells
in

som
e

patients
w

ith
acute

infectious
m

ononucleosis
(A

IM
)

retained
the

sam
e

high-levelexpression
ofC

D
62L

norm
ally

associated
w

ith
naı̈ve

T
cells

(C
allane

t
a

l.,1998).
In

the
early

phase
of

m
ost

im
m

une
responses,the

tetram
er

positive
cells

are
C

D
45R

O
+

and
negative

for
the

recip-
rocalm

arkerC
D

45R
A

,butovertim
e

tetram
erpositive

cells
w

ith
the

C
D

45R
O

-
C

D
45R

A
+

phenotype
associated

w
ith

na¨
ıve

cells
do

accum
ulate

(C
allaneta

l.,
1998)(A

ltm
ane

ta
l.,unpublished).

T
he

patterns
ofexpression

ofC
D

28,a
cos-

tim
ulatory

m
olecule

thatis
a

ligand
for

B
7-fam

ily
m

olecules
found

on
antigen

presenting
cells,

rem
ain

poorly
understood.

N
a¨

ıve
T

cells
are

thought
to

ex-
press

high
levels

ofC
D

28,and
the

large
num

berofC
D

28-C
D

8+
T

cells
w

hich
accum

ulated
during

developm
ent

of
H

IV
disease

have
been

observed
to

have
shortened

telom
eres,

suggesting
that

the
population

has
already

gone
through

m
any

rounds
ofcelldivision

and
reached

a
state

ofreplicative
senescence

(E
f-

fros
e

ta
l.,1996).

C
onsistentw

ith
this

observation,C
allan

e
ta

l.,have
observed

thatin
one

individual,the
fraction

ofantigen-specific
C

D
28-cells

increases
w

ith
the

increase
in

frequency
ofthe

cells
w

hich
bind

a
distincttetram

er
(C

allan
e

t
a

l.,1998).
O

n
the

other
hand,w

e
have

show
n

thatH
IV

-specific,C
D

8+
C

D
28-

tetram
er+

cells
can

usually
be

induced
to

proliferate
in

vitro
(G

raye
ta

l.,1999).

T
he

tw
o

m
ostinteresting

phenotyping
m

arkers
thathave

been
exam

ined
are

H
LA

-D
R

and
C

D
38,

because
these

m
olecules

are
thought

to
be

the
best

surrogate
m

arkers
for

the
activation

status
ofa

C
D

8+
T

cell;ofthe
tw

o,C
D

38
expression

on
tetram

er
positive

cells
has

been
analyzed

in
m

ore
detail(C

allan
e

ta
l.,1998;O

gge
ta

l.,1998;O
gge

ta
l.,1999).

C
D

38
expression

on
tetram

er

positive
cells

appears
to

correlate
w

ith
antigen

levels
in

vivo.
D

uring
acute

E
B

V
infection,nearly

alltetram
erpositive

cells
are

C
D

38+
,w

hile
3

years
after

resolution
of

the
acute

infection,
only

10%
of

tetram
er

positive
cells

rem
ains

C
D

38+
.

In
H

IV
-infected

patients,suppression
ofviralloads

follow
ing

initiation
ofH

A
A

R
T

notonly
causes

a
decline

in
hum

ans
in

the
totalfrequency

oftetram
er

positive,H
IV

-specific
C

D
8+

T
cells,butitalso

causes
a

reduction
in

the
levels

of
C

D
38

expressed
on

those
tetram

er
positive

cells
w

hich
rem

ain
(O

gg
e

t
a

l.,
1998;O

gge
ta

l.,1999).
W

hen
cells

from
chronically

H
IV

-infected
patients

are
stim

ulated
w

ith
peptide

antigen
for

1–2
w

eeks
in

vitro,the
expanded

tetram
er

population
is

strongly
C

D
38+

,
and

efficient
killing

by
the

cultured
cells

is
observed

(G
raye

ta
l.,1999).

In
addition

to
using

M
H

C
tetram

ers
to

exam
ine

the
phenotype

ofantigen-
specific

cells,ithas
also

been
possible

to
costain

antigen-specific
C

D
8+

T
cells

w
ith

M
H

C
tetram

ers
and

antibodies
against

T
C

R
V

β
fam

ilies
in

both
m

ouse
m

odels
(B

usche
ta

l.,1998;S
ourdivee

ta
l.,1999)

and
in

H
IV

-infected
hum

ans
(W

ilson
e

t
a

l.,1998).
T

his
w

as
initially

surprising,
since

the
tetram

er
and

the
V
β

antibody
are

binding
to

the
sam

e
protein

dom
ain,

and
com

petition
for

binding
sites

m
ighthave

been
expected.

O
n

the
otherhand,the

tetram
ershould

bind
to

the
m

ost
variable

portion
of

the
T

C
R

,
focusing

on
the

C
D

R
3

regions,
w

hile
T

C
R

V
β

antibodies
should

recognize
features

thatare
conserved

on
allT

cells
expressing

that
particular

Vβsegm
ent.

C
ostaining

w
ith

M
H

C
tetram

ers
and

Vβ
antibodies

has
already

proven
extrem

ely
valuable

for
analyzing

the
specificity

of
T

cells
in

individuals
w

ith
large

Vβ
expansions

(C
allane

t
a

l.,
1996;C

allane
ta

l.,1998;W
ilsone

ta
l.,1998).

P
R

O
S

P
E

C
T

S
F

O
R

VA
C

C
IN

E
S

M
H

C
tetram

ers
are

ideally
suited

for
the

analysis
of

vaccine
induced

responses,
provided

that
the

C
D

8+
T

cell
responses

induced
by

the
vaccine

are
strong

enough.
T

he
sequences

of
the

H
IV

antigens
delivered

by
alm

ost
any

vaccine
should

be
w

ellknow
n,and

itis
therefore

certain
thata

vaccinated
individual—

expressing
a

know
n

H
LA

allele—
w

illhave
been

exposed
to

a
w

ell
characterized

epitope;
this

is
in

contrast
to

the
analysis

of
H

IV
-specific

T
cell

responses
in

infected
patients,

som
e

of
w

hom
m

ay
have

been
infected

w
ith

a
strain

of
virus

that
does

not
contain

the
epitope

of
interest.

In
addition,

the
tetram

er
assay

is
extrem

ely
rapid

and
therefore

m
ightbe

incorporated
into

the
routine

analysis
ofeven

large
scale

phase
IIIclinicaltrials,providing

the
H

LA
typing

inform
ation

is
available.

A
s

noted
above,an

actualcandidate
vaccine—

recom
binantM

VA
expressing

H
IV

or
S

IV
antigens—

has
already

been
show

n
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to
induce

C
D

8+
T

cellresponses
that

are
easily

detectable
w

ith
tetram

ers.
If

itbecom
es

clear
thatH

IV
-specific

C
D

8+
T

cells
are

an
im

portantcorrelate
of

protection,the
responses

induced
by

the
M

VA
vectors

m
ay

in
the

future
serve

as
a

standard
against

w
hich

other
im

m
unogens

are
m

easured.
It

is
already

clear
that

these
vectors

are
capable

of
inducing

acute
C

D
8+

T
cell

im
m

une
responses

that
are

equal
or

greater
in

m
agnitude

to
those

induced
by

strains
of

live
attenuated

S
IV

(A
ltm

ane
t

a
l.,unpublished).

It
rem

ains
to

be
seen

if
other

experim
entalvaccines,

including
naked

D
N

A
or

recom
binant

fow
lpox

vectors
are

also
capable

ofinducing
tetram

er-detectable
im

m
une

responses,or
how

these
strategies

m
ightbestbe

com
bined.

S
U

M
M

A
R

Y
A

N
D

F
U

T
U

R
E

Q
U

E
S

T
IO

N
S

M
H

C
tetram

ertechnology
has

now
reached

a
stage

ofm
aturity

w
here

itis
clear

thatreagents
can

be
engineered

to
detectC

D
8+

T
cellim

m
une

responses
to

nearly
any

antigen
of

interest,
and

that
these

reagents
w

illbe
specific

and
have

m
inim

alcross-reactivity.
A

m
ong

the
questions

thatw
illconcern

readers
ofthis

volum
e

are
the

follow
ing.

H
ow

can
w

e
bestuse

the
database

ofdefined
C

T
L

epitopes
as

a
guide

for
preparing

new
reagents

to
analyze

H
IV

-specific
responses

in
infected

patients
and

in
vaccinees?

H
ow

robustare
the

responses
againstepitopes

listed
in

this
database?

H
ow

often
can

w
e

accountfor
failure

to
respond

to
a

previously
characterized

epitope
through

analysis
of

the
viral

sequence,i.e.
by

dem
onstrating

thatnon-responders
w

ere
never(orare

notnow
)

exposed
to

thatepitope?
A

nd
how

do
responses

againstone
epitope

affectthe
generation

of
responses

against
a

second
epitope?

H
ow

does
the

particular
com

bination
of

im
m

une
response

genes
(

i.e.
H

LA
alleles)

in
the

host
affect

the
response

to
H

IV
or

any
other

pathogen?
T

hese
are

com
plicated

questions,
but

they
have

im
portant

im
plications

for
the

developm
ent

of
vaccines,

and
application

of
the

tetram
er

technology
should

greatly
facilitate

the
search

for
answ

ers
to

these
questions.
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